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ABSTRACT: A recent addition to the toolbox of super-resolution
microscopy methods is fluorescence-lifetime single-molecule local-
ization microscopy (FL-SMLM). The synergy of SMLM and
fluorescence-lifetime imaging microscopy (FLIM) combines superior
image resolution with lifetime information and can be realized using
two complementary experimental approaches: confocal-laser scan-
ning microscopy (CLSM) or wide-field microscopy. Here, we
systematically and comprehensively compare these two novel FL-
SMLM approaches in different spectral regions. For wide-field FL-
SMLM, we use a commercial lifetime camera, and for CLSM-based
FL-SMLM we employ a home-built system equipped with a rapid
scan unit and a single-photon detector. We characterize the
performances of the two systems in localizing single emitters in
3D by combining FL-SMLM with metal-induced energy transfer (MIET) for localization along the third dimension and in the
lifetime-based multiplexed bioimaging using DNA-PAINT. Finally, we discuss advantages and disadvantages of wide-field and
confocal FL-SMLM and provide practical advice on rational FL-SMLM experiment design.
KEYWORDS: super-resolution microscopy, single-molecule localization microscopy, fluorescence lifetime, DNA-PAINT,
fluorescence lifetime imaging microscopy, metal-induced energy transfer

Super-resolution microscopy has become an indispensable
tool in the life sciences. One of its most successful and

widely applied variants is single-molecule localization micros-
copy (SMLM), such as photoactivatable localization micros-
copy (PALM),1 stochastic optical reconstruction microscopy
(STORM),2 direct STORM (dSTORM),3 points accumu-
lation for imaging in nanoscale topography (PAINT),4 or its
more popular variant DNA-PAINT.5,6 Recently, SMLM was
extended to the realm of fluorescence lifetime imaging
microscopy (FLIM). Conventional (non-super-resolution)
FLIM by itself has found multiple applications across many
research fields ranging from material sciences to biology and
medicine.7,8 A particularly attractive FLIM application is
lifetime-based multiplexed imaging of cells, where lifetime
information combined with spectral separation allows for the
simultaneous imaging of different targets inside a cell.9,10

Recent technical developments allowed for combining FLIM
with SMLM to realize fluorescence lifetime SMLM (FL-
SMLM).11−13

There exist two fundamentally different experimental
approaches to realize FL-SMLM: one is based on time-
resolved confocal laser-scanning microscopy (CLSM), here
CLSM-based FL-SMLM, and the other is based on wide-field
microscopy with a time-resolved position sensitive detector,

here wide-field FL-SMLM; see Figure 1a. In CLSM-based
FLIM, pulsed laser excitation is combined with detection by a
single-photon avalanche diode (SPAD) and a high-speed
electronics for realizing time-correlated single-photon counting
(TCSPC) lifetime measurement at each scan position. When
using a (nonresonant) fast scanner, CLSM image acquisition
speeds can reach video rates. This allows one to use such a
CLSM instrument for SMLM;12 see Figure 1b. A fundamental
advantage of CLSM-based FL-SMLM is the efficient
suppression of out-of-focus light and its optical sectioning
capability. In addition, CLSM with a nonresonant scanner is
very flexible with respect to selecting regions of interest
(ROIs), and it does not suffer from pixelation effects as
encountered in wide-field SMLM when using pixel array
detectors. The main limitation of CLSM-based SMLM is the
low photon yield (due to the limited time a molecule is excited
and detected during one scan), which limits the overall image
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acquisition speed. This image acquisition speed scales with the
area of the ROI, which is typically limited to ca. 20 × 20 μm2

when using an objective with 100× magnification. In contrast,
wide-field FL-SMLM offers fast image acquisition rates.
However, for many years, the sensitivity and background of
wide-field FLIM made its application to SMLM impossible,
although there had been reports of using multichannel plate
detectors for single-molecule spectroscopy; see, e.g., ref 14.
The recent introduction of the SPAD array has changed the
game considerably.15−17 Interesting alternatives to SPAD
arrays are lifetime-measuring cameras,16,18,19 electro-optical
devices,20 or gated optical image intensifiers.21 The recently
introduced commercial TCSPC camera LINCam25 (Photon-
score GmbH, Germany) uses a microchannel plate (MCP)22

for determining photon arrival times and a charge division
anode for positional read-out.23,24 Despite its relatively low
quantum efficiency of photon detection, the camera is capable
of imaging single molecules with a reasonable signal-to-noise
ratio (SNR) even in the most challenging far-red spectral
region, where its quantum efficiency is as low as 2%;19 see
Figure 1c. This is due to the virtually absent detector noise
which enables a reasonable SNR even at a very low signal. In
comparison, the typical quantum yield of SPAD arrays is better
than 50% across the whole visible spectrum (see Figure 1d),
but SPAD arrays have much higher dark count rates and they
suffer from considerable pixel-to-pixel heterogeneity, low fill
factors (which can be partially compensated by suitable
microlens arrays), and cross-talk between neighboring pixels.

In the past, we have demonstrated the usefulness of FL-
SMLM for multiplexed super-resolution bioimaging12,13 by
utilizing both wide-field and CLSM-based FL-SMLM.
However, a thorough comparison of the performance of both

methods is missing. Here, we provide a systematic comparison
of wide-field and CLSM-based FL-SMLM for fluorophores
emitting across the whole visible spectrum and which are
widely used in bioimaging. We analyze advantages and
disadvantages of wide-field and CLSM-based FL-SMLM, in
particular when using FL-SMLM together with metal-induced
energy transfer (MIET)25 for 3D-SMLM, and when employing
FL-SMLM for lifetime-multiplexed super-resolution imag-
ing.12,13

In order to compare the performances of wide-field and
CLSM-based FL-SMLM, we imaged single fluorophores
commonly used in single-molecule assays and super-resolution
microscopy. The selected fluorophores (Alexa 488, Cy3B/Atto
550 and Alexa 647/Atto 643) emitting in three different
spectral regions: green (Alexa 488), orange (Cy3B/Atto 550),
and far-red (Alexa 647/Atto 643). The fluorophore-tagged
DNA bound to a coverslip surface via biotin-neutravidin, and
imaged using the wide-field and CLSM setups; see Figure 1a,b.
Detailed schematics of the wide-field and CLSM setups are
shown in Figure S1 in the Supporting Information (SI). Using
DNA molecules provides flexibility in the surface immobiliza-
tion of different fluorophores, and it improves their photo-
physical properties.19 The quantum efficiency and instrument
response function (IRF) of the detectors for both techniques
are shown in Figure 1c−f.

FL-SMLM images for the all studied fluorophore types are
shown in Figure S2 in the SI. During data analysis, single
emitters were localized in the intensity images and then the
photons collected from individual localized fluorophores were
used to create TCSPC histograms. Fluorescence lifetime values
were determined with a maximum likelihood estimator (MLE)
monoexponential tail-fit of TCSPC curves, as detailed in the

Figure 1. Wide-field and CLSM-based FL-SMLM. (a) Surface-immobilized single fluorophores excited in total internal reflection (TIR) mode. (b)
Same sample imaged via CLSM (bidirectional scanning). (c) Quantum efficiency of the lifetime camera LINCam25. (d) Quantum efficiency of the
SPAD (single-photon counting module) Excelitas SPCM-AQRH. Data taken from https://photonscore.de and https://www.excelitas.com,
respectively. Exemplary TCSPC histograms of the instrument response function (IRF) and signal for wide-field (e) and CLSM-based (f) FL-
SMLM.
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“Wide-field and confocal FL-SMLM Data Analysis” section in
the SI. Histograms of the resulting single-molecule lifetime
distributions are shown in Figure 2 for the dyes Alexa 488,
Cy3B, and Alexa 647, and corresponding histograms for the
additional dyes Atto 550 and Atto 643 are shown in Figure S3
in the SI. To reduce the statistical uncertainty, single-molecule
data for each fluorophore type that were measured in two to
four different ROIs were combined together. The number of
molecules used in each lifetime histogram in Figure 2 and the
average number of photons emitted before photobleaching are
listed in Table S1 in the SI. Finally, histograms of lifetime
distributions of each type of fluorophores were fitted with
Gaussian distributions, and average values and standard
deviations were calculated; see Table S1 in the SI. A
comparison of lifetimes between wide-field and confocal FL-
SMLM is presented in Figure 2 and in Figure S4 in the SI.

When imaging in the far-red spectral region (Alexa 647),
CLSM-based FL-SMLM provided better precision in lifetime
determination (1.47 ± 0.17 ns) than wide-field (1.52 ± 0.22
ns); see Figure 2. For the extremely bright Atto 643 dye, we
obtained nearly similar precision in lifetime determination for
both approaches: 3.77 ± 0.22 ns for wide-field and 3.83 ± 0.21
ns CLSM-based FL-SMLM. In the far-red spectral region, the
detection efficiency of the lifetime camera is only ∼2%, making
the CLSM-based FL-SMLM generally the better choice for
imaging. For Cy3B, which emits in the orange spectral region,
we obtained fluorescence lifetime values of 2.45 ± 0.13 and
2.56 ± 0.16 ns when using the wide-field and CLSM setups,
respectively. And we found roughly similar performances for
both systems in that spectral region for Atto 550, with lifetimes
values of 3.70 ± 0.19 and 3.83 ± 0.25 ns; see Figure S3 in the
SI. For Alexa 488 in the green spectral region, the obtained
lifetimes were 3.24 ± 0.26 and 3.39 ± 0.37 ns for the wide-field

Figure 2. Performance of fluorescence lifetime determination in wide-field and CLSM-based FL-SMLM in different spectral regions. Shown are
histograms of lifetime values with corresponding single-Gaussian fits for Alexa 647, Cy3B, and Alexa 488 imaged using the wide-field (a) and the
CLS (b) setups. Average lifetime values and standard deviations for each fit are shown next to each peak. N is the number of molecules used for
each lifetime histogram.

Figure 3. MIET imaging. The dye Cy3B that emits in the orange spectral region was chosen for evaluating and comparing the performances of
wide-field and CLSM-based MIET imaging. (a) Sample geometry for MIET experiments. (b) Exemplary MIET image for a sample with 30 nm
SiO2 spacer. (c) Theoretical MIET lifetime-versus-height curve. (d,e) Lifetime and corresponding height histograms of single molecules imaged on
top of different SiO2 spacers with different thickness using wide-field FL-SMLM setup. (f,g) Same as (d) and (e) but when using the CLSM-based
FL-SMLM setup. The measured emitter heights include extra distance of 12 nm due to the immobilization layers.
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and CLSM setups, respectively. For the green spectral region,
the precision in lifetime determination is better for the lifetime
camera. In all cases, the average numbers of detected photons
before photobleaching were slightly larger with the lifetime
camera than those obtained with the confocal microscope; see
detailed list of number of photons emitted for each
fluorophore type in Table S1 in the SI. In summary, the
precision of lifetime determination is better for wide-field FL-
SMLM in the green and orange spectral regions but worse in
the far-red, as compared to CLSM-based FL-SMLM.

As the next step, we combined metal-induced energy transfer
(MIET)26−28 with FL-SMLM for three-dimensional single-
molecule localization. MIET is based on the electrodynamic
coupling of the excited state of a fluorescent emitter to surface
plasmons in a thin metal film, which leads to a strongly
distance-dependent fluorescence lifetime of the emitter; see
Figure 3a−c. Converting the measured fluorescence lifetime

into an axial distance allows for axial localization of an emitter
with nanometer accuracy.29 For comparing the performances
of wide-field and CLSM-based FL-SMLM for their application
in 3D MIET-SMLM, we chose the fluorophore Cy3B emitting
in the orange spectral region. Using the dsDNA-biotin-
neutravidin surface immobilization strategy, as detailed in the
SI, single Cy3B molecules were immobilized on top of a
substrate consisting of a coverslip covered with a thin gold film
(10 nm) for MIET and with an additional SiO2 spacer of well-
known thickness that allowed us to keep fluorescent molecules
at well-defined distances from the metal layer; see Figure 3a for
sample geometry. We prepared three different substrates with
30, 50, and 70 nm thick layers of SiO2, respectively. The
presence of the biotin-neutravidin immobilization layers added
an extra height of ∼12 nm to the distance between
fluorophores and metal layer.30 Thus, the design values of
the distances between fluorophores and the gold layer were 42,

Figure 4. FL-PAINT imaging of fixed HeLa cells. (a−d) Single-target wide-field (a) and confocal (b) FL-PAINT images of mitochondria labeled
with the imager P3-Atto 643, and the corresponding lifetime histograms fitted with single-Gaussian distributions (c,d). The average lifetime and
standard deviation of each fit are shown. (e-h) Double-target wide-field (e) and confocal (g) FL-PAINT images of mitochondria and peroxisomes
labeled with imagers R4-Atto 550 and P3-Cy3B, respectively. Bottom: zoom-in of regions depicted in white rectangles in the cell images (e,g) with
separation into two different targets. Zoom-in scale bars are 2 μm. (f,h) The corresponding lifetime histograms fitted with double-Gaussian fits.
Lifetime color bars are shown on the right-hand side of the images. Scale bars in (a,b,e,g) are 5 μm.
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62, and 82 nm. Conversion of experimentally measured
lifetime values to distance values was done using a theoretical
MIET model; see ref 26. The calculated MIET curve for Cy3B
is shown in Figure 3c. Imaging was done by using both the
wide-field and the CLSM-based setups. We assessed the
performances of both techniques based on the lifetime
histograms and corresponding height histograms; see Figure
3d,e for wide-field MIET-SMLM and Figure 3f,g for CLSM-
based MIET-SMLM. MIET-SMLM images of single Cy3B
fluorophores immobilized on top of SiO2 spacers with different
thicknesses are shown in Figure S5 in the SI.

First, we note the remarkable agreement between the
average lifetime and corresponding height values obtained with
both the wide-field and the confocal setups; see Figure 3d−g.
We list theoretical and measured lifetime values in Table S2 as
well as corresponding height values in Table S3 in the SI. The
number of analyzed molecules and the average numbers of
detected photons per molecule for each spacer thickness are
given in Table S4 in the SI. For a direct comparison, we
plotted the lifetime and height values for both wide-field and
confocal measurements in Figure S6 in the SI. For all spacers,
there is excellent agreement between the design and
experimentally measured values. The precision of lifetime
(and subsequently height) determination is slightly better for
wide-field MIET-SMLM, due to its improved sensitivity in the
orange spectral region. Average lateral localization precision
values for all MIET-SMLM images were calculated using a
modified Mortensen equation,31,32 and they were found to be
18.5 and 11.5 nm for the wide-field and CLSM-based
measurements, respectively, as listed in detail in Table S5 in
the SI.

In this part, we present FL-SMLM images of HeLa cells
obtained with DNA-PAINT and we compare the performances
of wide-field and CLSM-based FL-SMLM for multitarget
bioimaging. The key advantage of DNA-PAINT is that it is
unaffected by photobleaching due to the continuous exchange
of fluorophores during image acquisition. In addition, due to
the orthogonality of DNA hybridization, multiple targets can
be independently addressed by using different DNA sequences.
Moreover, using fluorophores that emit in the same spectral
region for labeling different targets avoids any chromatic
aberration artifacts. Recently, it has been shown that the
fluorescence lifetime can be used for multiplexing in multi-
target DNA-PAINT imaging of cells (FL-PAINT).13 In FL-
PAINT, one uses fluorophores that differ only in their lifetime
values but are very similar in their emission spectra. FL-PAINT
allows for simultaneous imaging of different targets, in contrast
to the need of sequential imaging in commonly used Exchange-
PAINT,33,34 which speeds up multitarget image acquisition.

Both wide-field and confocal FL-PAINT imaging in the
orange spectral region have been demonstrated before;13

however, no comprehensive comparison of both methods has
been done. To do this, we performed single- and double-target
FL-PAINT imaging of peroxisomes and mitochondria in fixed
HeLa cells both in the far-red and orange spectral regions; see
Figure 4. Specifically, peroxisomes (PTS1) and mitochondria
(TOMM20) were genetically encoded with GFP and BFP,
correspondingly, and then labeled with DNA docking strands
R4*35 (or P1*) and P3* via single-domain antibodies
(nanobodies), which decreased the distance between target
and imager dye.34 The following pairs of fluorophores were
used for double-target imaging: Cy3B and Atto 550 in the
orange and Alexa 647 and Atto 643 in the far-red spectral

regions. Custom-written Matlab routines were used for the
analysis of both wide-field and confocal FL-PAINT data, as
detailed in the “FL-PAINT data acquisition and analysis”
section in the SI. We found that wide-field FL-PAINT imaging
with the lifetime camera LINCam25 is even possible in the
most challenging far-red spectral region, but the achievable
localization precision is significantly lower than that obtained
with confocal FL-PAINT (34 and 10 nm, correspondingly).
Further image resolution analysis was done using Fourier Ring
Correlation (FRC),36 and the average resolution of wide-field
FL-PAINT and confocal FL-PAINT images in far-red spectral
region are 129.7 and 77.5 nm correspondingly. The resulting
FRC maps are shown in Figure S7 in the SI.

The image quality of double-target imaging with wide-field
FL-PAINT in the far-red spectral region was insufficient to
confidently distinguish between the two imaged targets.
Therefore, we chose the orange spectral region for double-
target wide-field and confocal FL-PAINT imaging; see Figure
4e,g. To identify each target, FL-PAINT data was used to
create lifetime histograms, as shown in Figure 4f,h. In both
cases, the lifetime histograms had two separate peaks, making
lifetime-based target identification straightforward. The calcu-
lated crosstalk between the targets for the wide-field and
confocal FL-PAINT images is 1.3% and 3.1%, respectively; see
Figure S10 in the SI. The average localization precision of the
two targets in orange spectral region is 18.5 nm for wide-field
and 11.9 nm for confocal FL-PAINT, and the average
resolution of wide-field and confocal FL-PAINT images is
69.9 and 61.3 nm, correspondingly. We note that the average
lifetime values measured with both techniques are in excellent
agreement. Double-target FL-PAINT imaging in the far-red
spectral region with the confocal setup is shown in Figure S8 in
the SI.

It should be noted that both wide-field and confocal FL-
PAINT accumulated localization events with similar rates, as
shown in surface-PAINT experiments (described in detail in
the SI), where docking strands were attached directly to the
surface and localization events were counted for each frame of
the recorded movie, see Figure S9a,b in the SI. We also
compared the temporal evolution of the visibility of cell
features in wide-field and confocal FL-PAINT images by
recording images of cells after 5, 15, 30, and 45 min
observation time; see Figure S9c,d in the SI. Again, localization
events accumulated at similar rates.

In summary, while FL-PAINT works well with both wide-
field and confocal setups in the orange spectral region, the
wide-field setup is clearly inferior in performance in the far-red
spectral region. This is due to the rapid drop of its quantum
efficiency of detection toward longer wavelengths. However, in
the orange spectral region, where the wide-field setup
compares well with the confocal setup, it offers a much better
field of view (more then 30 × 30 μm2) than the confocal setup,
at same image acquisition speed. In contrast, confocal FL-
PAINT offers better out-of-focus light rejection and optical
sectioning, which is important when imaging thicker samples.13

But whatever approach is used, FL-PAINT is a versatile
technique that is capable of high-throughput multiplexed
imaging and can be readily combined with other multiplexing
techniques, for example, Exchange-PAINT,33 kinetic barcoding
via blinking kinetics engineering,37 or spectral splitting.38

The quantitative estimation of the advantages and
disadvantages of wide-field and confocal FL-SMLM is
important for choosing the best method for a given sample
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to be imaged. In the present paper, we conducted a thorough
comparison of both methods using a home-built CLSM
instrument equipped with a rapid scan unit and a wide-field
setup equipped with a new commercially available TCSPC
lifetime camera. One of the surprising results of our
comparison is that the wide-field system, despite its low
quantum efficiency of detection (below 10%), competes well
with the confocal system in the blue-green and orange spectral
regions. Only in the far-red spectral region, where its quantum
efficiency drops to 2%, the confocal setup becomes clearly
better-performing, especially for bioimaging applications, due
to its higher quantum efficiency.

The TCSPC camera features extremely low noise but
relatively low quantum efficiency, while the single photon
counting detector has relatively high quantum efficiency but
considerably larger noise. The devices are also very different by
the maximal count rates they can register. The LINCam
acquisition count rate is limited to ∼1 Mc/s, with an optimum
of ∼300 kc/s for time-correlated single photon counting,13

while SPADs can tolerate acquisition count rates up to ca. ten
Mc/s. All these parameters have to be taken into account when
choosing the most suitable technique for a particular
application. Both the TCSPC camera as well as the SPAD
allow for determining fluorescence lifetimes with high
accuracy. The TCSPC camera is advantageous for imaging
large fields of view where it offers fast acquisition times. In
contrast, CLSM-based FL-SMLM is advantageous when one is
interested in imaging smaller regions of interest, but with high
localization precision, and it is mandatory when imaging in the
far-red spectral region.

One of the highly promising applications of FL-SMLM is its
combination with MIET for isotropic 3D-SMLM. To
demonstrate this, we imaged and localized in 3D single
Cy3B fluorophores positioned at well-defined distances above
a thin gold layer. Previously, we performed similar experiment
with Atto 655 fluorophore using wide-field single-molecule
MIET19 and with Alexa 647 using confocal single-molecule
MIET.29 Here, we compare both methods and find for both
methods excellent agreement between the design and
determined axial positions. Further improvement of axial
resolution to subnanometer scale is possible when replacing
the metal by a single sheet of graphene (graphene-induced
energy transfer aka GIET; see refs 39, 40) However, the axial
distance range over which GIET works is even smaller than
that for MIET, restricted to ∼25 nm. Nonetheless, the
combination of FL-PAINT with GIET could offer exceptional
lateral and axial localization precision which promises to
deliver isotropic 3D super-resolution on a molecular nano-
meter length scale.
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